INTRODUCTION
Trimethylaminuria or fish-odor syndrome, which can occur in humans (OMIM 602079; Dolphin et al., 1997) , cattle (OMIA 001360-9913; Lundén et al., 2002) , and chicken (OMIA 001360-9031; Honkatukia et al., 2005) , is known to be associated with loss-of-function mutations in the flavin-containing monooxygenase 3 (FMO3) gene. In chicken, Honkatukia et al. (2005) first reported that a base substitution adenine (A) to thymine (T) in the exon 7 of FMO3 (now known as FMO6P in chicken) was strongly related to fish-flavor tainted eggs. The causative mutation at nucleotide 1034 of the published cDNA sequence (GenBank accession number: AJ431390.1) results a threonine to serine change at the 329th amino acid (T329S) within a highly conserved FMO-characteristic motif (FATGY). Once there is sufficient level of choline in diet (e.g., 2,960 mg/kg of diet), the amount of trimethylamine (TMA) in egg (mostly in yolk) of hens with genotype TT will increase remarkably (Ward et al., 2009; Wang et al., 2013) . The accumulation of odorous TMA in yolk is responsible for the unusual fishy flavor (HobsonFrohock et al., 1973) . Even at lower choline addition, homozygous TT individuals still showed higher TMA concentration in egg yolks than those with AA or AT genotypes (Wang et al., 2013) .
In China, Wang et al. (2010) found the existence of the unfavorable T allele in 10 local Chinese breeds, and among these, Beijing You chicken had a higher frequency of the TT genotype. Chu et al. (2010) also reported a gene frequency of T mutation in the Beijing You population of about 0.15. Hence, removing the undesirable T allele in this breed will make it much more flexible to different dietary ingredients and managements. The previously reported methods for FMO3 genotyping were based on the traditional PCR-RFLP assay (Ward et al., 2009; Kretzschmar et al., 2009; Chu et al., 2010; Wang et al., 2010 Wang et al., , 2012 Hamid et al., 2012) or mismatch amplification mutation assay (MAMA; Hamid et al., 2012) , which require several technical steps and are time-consuming, laborious, and not suitable for highthroughput automatic genotyping. Therefore, the aim of this study was to develop a rapid TaqMan-based real-time PCR genotyping method and to apply it in a systematic selective breeding strategy in the Beijing You chicken population to eradicate the unfavorable mutant. ABSTRACT In this study, using a newly developed TaqMan-based real-time PCR method for the T329S mutation in the flavin-containing monooxygenase 3 (FMO3) gene, a marker-assisted selective breeding program against the unfavorable T allele was implemented in the Beijing You chicken breeding stock from 2010 to 2012. A total of 2,359 breeder candidate chickens were detected. After 1-generation culling in both males and females and 2-generation culling only in males, genotyping results in 2013 showed that there still remained a low unfavorable allele frequency of 0.022 in this population. The results indicated that to ensure a complete eradication of the defective tainting mutation in FMO3 out of the Beijing You population, more strict breeding and management schemes should be carried out in the future.
MATERIALS AND METHODS

Birds
2010 to 2012, a marker-assisted selective breeding program against the T allele of fishy taint gene was carried out in the breeder candidate population at the age of 42 wk during the breeding season. After 1-generation culling in both males and females and 2-generation culling only in males, 300 chickens at the age of 36 wk were genotyped randomly from the whole flock in 2013 to assess the consequences of selection and breeding. Detailed sample information was presented in Table 1 .
Chickens were bred in the Beijing You Chicken Protection Farm, Beijing Academy of Agriculture and Forestry Sciences. Blood samples were collected by superficial venipuncture of a wing vein using EDTA blood tubes by trained veterinarians following standard procedures. The study was approved by the Animal Welfare Committee of the Beijing Academy of Agriculture and Forestry Sciences.
DNA Extraction
Genomic DNA was extracted from whole blood using the Blood DNA Kit DP304 (Tiagen, Beijing, China) according to the manufacturer's instructions. The concentration of DNA was measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and was adjusted to a final concentration of 10 ng/µL.
Real-Time PCR
The primers and probes were designed with Primer Express software, version 3.0 (Applied Biosystems, Foster City, CA) and purchased from Applied Biosystems.
Primers and fluorescence-labeled TaqMan MGB probes used are listed in Table 2 .
The PCR were carried out in a total volume of 10 µL, containing 10 ng of DNA template, 0.25 µL of 40× SNP Genotyping AssayMix (the primer and probe concentration were 36 and 8 µM, respectively), 5 µL of 2× TaqMan Genotyping Master Mix, and 3.75 µL of double-distilled water. Real-time PCR was performed on the Bio-Rad iQ5 real-time RCR detection system (Bio-Rad, Hercules, CA) as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min. Data were collected continuously during the thermocycling at the annealing step. The samples were amplified, read, and analyzed using the iQ5 optical system software. Two no-template controls in each 96-well plate were used for the assay quality control.
PCR-RFLP
A pair of primers (forward: 5′-AAGATGGGACT-GTGCAGGACG-3′ and reverse: 5′-ATCTGCT-GTTGGGATGGCGGA-3′) were designed according to Chu et al. (2010) , with the amplified products being 369 bp in length. The PCR was performed in a reaction volume of 20 µL, including 50 to 100 ng DNA template, 1 µM each primer, 200 µM dNTP, 2 units of Taq DNA polymerase (Takara, Otsu, Japan), 2 µL of 10× buffer (Takara), and 1.5 mM MgCl 2 . The PCR cycling was performed on a PTC-200 DNA Tetrad Thermal Cycler (Bio-Rad, Hercules, CA) as follows: 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 64°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 7 min. Then, a final volume of 15-µL mixture containing 5-µL PCR products, 1.5 µL of 10× buffer B, 0.5 µL of restriction enzyme BseNI (5 units; Fermentas), and 8 µL of double-distilled water, was digested at 37°C for 12 h. Subsequently, the digested products were separated by 4% agarose gel electrophoresis and visualized using ethidium bromide.
Sequencing
For accuracy control, at least 2 samples from different genotypes were selected randomly and sequenced. The PCR was performed under the same conditions as PCR-RFLP. The PCR products were directly sequenced by Beijing Tsingke Biotechnology Company (Beijing, China).
Statistics
The allele frequencies and genotype frequencies were calculated using the GENEPOP software (Yeh et al., 1999) .
RESULTS
Establishment and Validation of Real-Time PCR
First, 44 chickens randomly sampled from the Beijing You population were used to establish the TaqManbased real-time PCR method for detecting the defective mutant in the FMO3 gene. Allelic discrimination can be presented automatically based on the real-time amplification curves. The correctness of this method was further evaluated by PCR-RFLP and direct sequencing. By comparing genotypes of the 44 chickens obtained from real-time PCR with those from PCR-RFLP, we got 100% identical results. And the sequencing results were also in good agreement. It indicated that our newly established TaqMan-based real-time allelic discrimination technology could be used as a reliable strategy for identifying the deleterious mutant in the FMO3 gene.
Detection and Elimination of T329S in the Beijing You Population
Applying the newly established real-time PCR assay, a marker-assisted selective breeding scheme to eradicate the undesired T allele in Beijing You population was conducted during 2010 to 2012. According to the DNA testing results, individuals with TT or AT genotypes were not allowed to be used as parents in the mating program. Each year, 60 sires and 720 dams with homozygote AA type were mated to produce the next generation of birds. Inbreeding was avoided based on the pedigree records.
In 2010, all breeder candidates, including 117 males and 1,911 females, were genotyped, out of which 117 were TT mutant homozygous and 523 were AT heterozygous carriers. The TT genotype frequency was 0.06 and the T allele frequency was 0.19 on average.
After 1-generation removal of the defective allele, an initial screening in males in 2011 showed that the T allele still existed in the population. To reduce the cost, selection and eradication of defective T allele was only carried out in 142 males, out of which 9 were AT carriers, with a T allele frequency of 0.031. Following the same rules, 189 males were genotyped in 2012 and the T allele frequency was 0.026.
In 2013, a flock of 300 birds, including 155 males and 145 females, was randomly sampled from the whole population and genotyped. The T allele frequency turned out to be 0.022 in the Beijing You chicken.
DISCUSSION
A novel TaqMan-based real-time PCR method was successfully developed and applied to FMO3 T329S genotyping in this study. Compared with previous PCR-RFLP based method, this assay is relatively rapid, simple, and robust, as well as amenable to high-throughput sample processing . Only one step was required after DNA preparation and the time consumption was only about 2 h; in addition, genotypes could be discriminated automatically. The easy molecular testing platform could be efficiently applied in elimination of the deleterious FMO3 T329S mutation in the famous Beijing You population.
In 2010, a total of 2,028 candidate breeder birds were genotyped, and 60 sires and 720 dams with AA genotype were used in mating plans to create the succeeding generation. In theory, after 1-generation detection and elimination, the Beijing You population should be 100% free of the fishy taint gene. However, genotyping results in 2011 showed that the T allele still existed. With 2-generation selection in males only, the T frequency decreased slightly. In 2013, there was still a lower gene frequency of about 0.022 in the Beijing You population.
It was reported that the real-time PCR assay had an error rate of <1%, although it was highly accurate (Johnson et al., 2004; Fedick et al., 2013) and many factors are responsible for the genotyping of the gene, including quality of DNA. Thus, it is speculated that incorrect genotyping individuals might have remained in our testing population. Further research is awaited to investigate the accuracy of the real-time PCR allelic discrimination for FMO3 genotyping. Moreover, accuracy is the first requisite of breeding records, and a false record may easily be worse than no record (Lippincott, 1923) . In Beijing You, most data such as pedigrees, selection and mating, inseminations, and hatching, were recorded manually and errors were unavoidable. This might be the crucial reason why marker-assisted selection has not achieved the expected improvement.
The Beijing You chicken is a precious Chinese local breed that has been famous for its special appearance characteristics and high quality of egg and meat . In recent years, this breed is very popular in many areas of China and has been fed under different conditions with different diets. Chickens free of the fishy taint gene are much more flexible to more feed ingredients and managements, which contribute to lower feed costs and better economic benefits.
With the detection and elimination of the FMO3 T329S mutation, nowadays, the frequency of T mutation in the Beijing You population is much lower (about 0.022). However, a more strict and advanced breeding schemes is still essential in the future to completely remove this undesired allele from the Beijing You chicken to avoid fishy egg production by this precious local breed of China.
